we presented the methods we use for isolating four fractions of surface active inaterial from dog lung and reported the specific surface activity, the reproducibility of composition and density, and the yields of these substances. In this paper we consider the methods and the results of chemical analysis of these fractions and describe some of their physical properties measured at 37 C. We emphasize especially those characteristics which would be required for appropriate physiological function.
THEORETICAL PROPERTIES OF ALVEOLAR SURFACE ACTIVE

MATERIAL
Isolated fractions of surface active material should have physical and chemical properties consistent with the behavior of alveolar surfaces, as deduced from pressure-volume characteristics of the intact lung, unless convincing reasons can be given for the deviation of their properties from prediction. Among the many predictable properties, we have selected a few that we believe are the most reliable to serve as criteria for judging the physiological relevance of our products.
1) The mammalian lung must often function when its transpulmonary pressure is relatively low, despite the small size of its alveoli. Since the contribution (Ps) from surface forces to transpulmonary pressure is equal to the product of surface tension (7) and the rate of change of area with respect to volume of the lung (dA/dV) (SS), one can calculate an upper limit-to-surface tension from the transpulmonary pressure (P&, histologic measurements of area, and direct estimations of volume. In the excised cat lung at functional residual volume, PTp is about 3 cm water, giving an estimate of P, < 2 cm water; and dA/dV is about 2 X lo2 cm+ (D. Marshall and N. Staub, personal communication) . From these data, we calculate y = 10 dynes/cm as an upper limit at FRC. It is probable that the value of dA/dV is higher in dog than in cat lungs because of their smaller alveoli and that the limit of alveolar surface tension at FRC in the dog is even lower than the limit calculated here. We consider, therefore, that this limit is an appropriate reference point for fractions of surface active material isolated from dog lungs.
"The material isolated in vitro must be capable of lowering the surface tension of a subphase (constituted to approximate the ionic composition of extracellular fluid) to less than 10 dynes/cm when spread on the surface in quantities that approximate those of duplex films of protein and lipid. (A duplex film is defined in this context as a film in which the lipid portion of the surface active material is at the air interface as a monomolecular layer, with the protein portion adsorbed beneath it.) If this material is derived from a homeothermic animal, the capability must be demonstrated at the body temperature of the animal." 2) The marked lowering of surface tension by certain materials is due to the packing of their molecules into a close-ordered array at the interface and thus is a massrelated property. This requires that there be enough surface active material in the lung to cover the alveolar surface with at least a monolayer of a close-packed lipid film. If we assume that the alveolar surface is about 0.7-l. 1 X lo3 cm2 per gram wet weight of lung (calculated from data obtained from human lung specimens (56)), and we find from surface titrations that a nominal surface concentration of this material at close-packed areas is, for example, 1 pg/cm2, then we would predict that we should find at least 1 mg (dry weight) of surface active material per gram (wet weight) of lung tissue.
"The amount of material that is 'lecovered from an in vitro preparation of surface active material must be sufficient in quantity to cover the alveolar surface with at least one duplex film of lipid and protein." R. J. KING AND J. A. CLEMENTS 3) When the lung is held in a static state at low volume, the overcompressed surface film at the alveolar surface tends to collapse, and the surface tension of the alveolar surface tends to rise toward an equilibrium value (53). Tierney (53) investigated the decrease in lung compliance of excised lungs held in a static condition and correlated the observed changes in lung compliance with the concomitant changes in the surface area-surface tension relationship of a film of unpurified lung extract. Lung compliance decreased to about 50 % of its initial value in about 10 min when the lung was maintained at an average transpulmonary pressure of 3 cm HZ0 at 37 C, and this change could be largely accounted for by the change in surface tension of the lung extract. In similar experiments (9), we found that the rise in surface tension of the alveolar surface, calculated from pressure-volume measurements of excised rat lungs, followed approximately first-order kinetics, i.e., d( 7 &'dt = k(Yeq -y J where yes is the "equilibrium" surface tension of the surface film. k was calculated to be about 0.1 min-l at 37 C, and about 0.02 min-l at 25 C.
"The rate of collapse of a film of surface active material in an overcompressed state should be comparable to the rate of collapse calculated for the alveolar surface from pressure-volume studies, and the rate constant should be about 0.1 min-l at 37 C."
4) The compressibility of an insoluble surface film is defined by C = l/A dA/dr.
For all insoluble films, dA/dr 3 0, and C is always greater than zero. We have developed an expression (10) relating the size of the smallest stable alveolar population with the intrapleural pressure of the lung, the surface tension of the alveolar interface, and compressibility of the alveolar surface (r,in = (87 -4/C)/(3P&). If we assume that at end expiration, P,, = 3 cm HZO, Y = 10 dynes/cm, and r = 40 X 10-d cm, then the compressibility must be less than 0.09 cm/dyne. This assumption seems justified from a comparison of the amounts of dipalmitoyl phosphatidylcholine in saline lavage fluid (36) with that in whole-lung homogenates (1 l), when these amounts are expressed as percentage of total lipids or total phosphatidylcholines.
The lavage fluid is richer in surface active material than is the whole-lung homogenate.
Correspondingly, the amount of DPC in the saline lavage fluid of dogs, expressed as the percent of total lipid, is 3 1 %, whereas the amount in whole-lung homogenates is 18%.
"Surface active material, as compared to whole-lung tissue, should be enriched in dipalmitoyl phosphatidylcholine. "
METHODS
I> Isolation of Surface Active Material
The procedures for isolating surface active material have been described in the first paper of this series (25). Total lipid was extracted from the samples by the method of Folch et al. (14) , using 6 volumes of 2 : 1 (v: v) chloroform/methanol to 1 volume of suspension of surface active material (concentration about 1 mg/ml). An aliquot of rat-1 ,2-dipalmitoyl-3-phosphatidylcholine labeled in both fatty acids with l4C (synthesized in our laboratory) was added to the extraction mixture, and the calculated recoveries of the total lipid were corrected for experimental loss by a factor calculated from'the recovery of the DPC-14C. This correction assumes that any loss that occurs during the procedure of lipid extraction is not selective among the lipid classes. DPC-l4C was used as a label, since DPC constitutes over 40% of the lipid in surface active material.
2) Chemical Analyses
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The total lipid fraction was divided into neutral lipid and phospholipid by batch chromatography on l-g silicic acid columns.
The neutral lipids were eluted with 20 ml of chloroform, and the phospholipids with 20 ml of 5 : 4 chloroform/methanol, followed by 20 ml of methanol. (38), using an electric field adjusted to 10 mamp per gel stripThe gel strips were fixed by suspending them for 30 min in a mixture of 75 % ethanol and 5 % glacial acetic acid and stained either for lipid (oil red 0) or protein (amid0 black 10 B).
The isoelectric focusing was carried out by a modification of the procedure of Haglund ( 19) in a electrophoresis cell of our own design (shown in Fig. 1 ). The side arm and the main cell were partially filled with 110 ml of 1 % HZSO 4 in 30 7~ sucrose; this solution served as the "locking solution" for the anode. An 80-1~11 sucrose density gradient of density 1.11-1.13 g/ml, mixed with 1.5 ml of 40 % ampholyte (Ampholine, LKB Instruments), pH 3-6, was then poured into the main cell, displacing most of the 1 % HzSO4 solution into the side arm. Five milliliters of a suspension of surface active fraction lV1 (2 mg/ml) in sucrose mixed with 0.1 ml 40% ampholyte were carefully layered above the preformed density gradient. Three and a half milliliters of a sucrose solution with 0.1 ml 40 % ampholyte but without surface active material were layered above the band of surface active material; this prevented contact between the surface active material and the basic cathode locking solution. The uppermost solution was the cathode-locking solution, made up of 1% sodium hydroxide in distilled water. The densities of all solutions were adjusted with sucrose to maintain mechanical stability throughout the length of the electrophoresis column. The limits of the density gradient were chosen so that the density throughout the gradient was greater than that of the surface active material.
A potential of 500 v was applied with a regulated power supply (Heathkit model PS-3) for 5-24 hr, causing the ampholyte and surface active material to migrate to their apparent isoelectric points. Upon completion of the experiment, the side arm of the electrophoresis cell was stoppered, and the column was eluted through the center tube. The eluate was collected by 3-ml increments in a fraction collector, and the elution was monitored by the light scattering of the eluate at wavelengths of 280 or 450 rnp. The pH of each 3-ml increment was measured, and the apparent isoelectric points of the eluted fractions were estimated from the pH of the solutions having maximum absorbance. The locations of the fractions were identical whether determined by scattering at 450 or 280 rnp. The increments containing the absorbing material of each peak were pooled, dialyzed against distilled water for 48 hr, and concentrated by centrifuging at 65,000 X g for 3 hr to pellet the particulate material.
This particulate material was resuspended in distilled water and analyzed for protein, phosphorus, and surface activity. We were unable to determine if these procedures removed all of the ampholyte from the particulate material.
Other to within + 0.5 C by a thermostated water jacket, measured in the subphase.
The following procedure was used to obtain the rate data. The surface active material was placed in the Teflon dish and diluted to the desired concentration with 60 ml of solution I, which had been equilibrated to the desired temperature. The suspension was mixed for 10 min to equilibrate the temperature of the suspension to that desired for the experiment.
Mixing was then stopped, and the surface was aspirated to obtain a clean surface and to establish the zero time of the experiment.
Mixing was immediately commenced, and surface tension was recorded on a Leeds & Northrup s trin-chart recorder (Speedomax G) every 15-60 sec. Surface tension was recorded for 30 min, when surface tension had usually decreased to 35-40 dynes/cm.
Values of surface tension were transformed into surface concentrations ( ,ug/cm2) through a surface tension-surface area isotherm obtained at 37 C. Surface tension-surface area isotherms were obtained in the same manner as previously described, except that the area was slowly changed (20-30 min for one compression) to approximate equilibrium conditions at all points on the isotherm. In addition to the measurements done on the surface active fractions obtained from dog, adsorption measurements were also made on the total lipid obtained by 2: 1 (v : v) chloroform/methanol extraction ( 14) of the combined surface active fractions of six dogs. There was less than 0.5 % A known amount of this suspension was placed in the Teflon dish and diluted to the desired concentration with 50 ml of solution 1. All other procedures of the measurement were identical to those described above. Adsorption rates of the total lipid of each fraction were measured at 37 C at one concentration, as shown: WI-39 pg/ml, HI-20 pg/ml, HZ-23 pg/ml, and H3-21 pg/ml.
RESULTS
I> Chemical Composition
The chemical compositions of the four fractions of surface active material are given in Table 4 . (The molar quantities of the unknown constituent were calculated using the molecular weight of oleic acid).
Efforts to identify the unknown fatty acid exactly have not yet been successful, but have yielded the following facts about it: a) its methyl ester is eluted from the GLC column as a leading shoulder on methyl oleate; b) it is not an aldehyde, since it resists extraction with repeated washings of a saturated solution of sodium bisulfite under conditions that successfully extract palmitaldehyde in control experiments; c) it hydrogenates to an ester with exactly the retention time of methyl stearate, d) it is not elaidic acid, since methyl elaidate is not resolved from methyl oleate by our GLC; e) the methyl ester of this unknown is not resolved from methyl oleate by chromatography on thin-layer plates on silicic acid impregnated with 12.5 % silver nitrate under conditions that separate methyl oleate and methyl elaidate (37).
2) Electrophoretic Migration
In two electrophoretic runs in agar/agarose gels, almost all the material remained at the origin, and only small amounts of either protein or lipid migrated into the gel. The principal significance of these experiments is the finding that the material at the origin stained for both protein and lipid.
The results of five isoelectric focusing experiments were nearly identical.
Two bands of material could be observed both visually and by absorption at 280 ml-c; The largest amount of material migrated to an apparent isoelectric point (PI) of 3.8-4.1, had a protein-to-phosphorus ratio close to that of the starting material, and retained its surface activity when measured at both 24 and 37 C ( 3) Interfacial Properties at 37 C a) Surface tension-surface area isotherms. The surface tension-surface area isotherms obtained at 37 C were similar to those obtained at 24 C, an example of which is shown in the preceding paper (25). The calculated results of the isotherms of the four surface active fractions and the total lipid extracts of these fractions are given in Table 6 . There is very little difference in the calculated surface properties of the whole fractions and their total lipid extracts. The amounts of surface active material required to reduce the surface tension to 12 dynes/cm approximate those amounts calculated to form a duplex film of protein and lipid in a close-packed array. b) Rate of adsorption. The curve (Fig. 2) 14rhere n, is the amount of material in the surface at equilibrium, nt is the amount in the surface at any time t (0 < t < 4 min), and al and kl are constants determined by the statistical fit of a linear regression line to the equation. The fit of the data was considered satisfactory; the average regression coefficient obtained from 35 experiments was 0.993 & 0.005 (SD) . During the first 4 min of the experiment, surface tension fell from clean surface values to about 55 dynes/cm.
The adsorption of the total lipid extract of surface active fruction WI is also shown in Fig. 2 . Both adsorption experiments were done at 37 C. The adsorption curves of the other lipid extracts were similar to the one plotted.
The curves of the total lipid extracts are peculiar in that they show an initial period of 2-4 min where there is very little adsorption to the surface, followed by a rapid increase in surface adsorption from 4 to 10 min. The fit of the data to a single exponential curve was poor, but the results did show 721 that the adsorption in the first 4 min of the total lipid extracts was slower than was the adsorption of the whole fractions of surface active material.
The experiments did not differentiate whether the differences in adsorption were the result of differences in chemical composition or physical configuration of the materials, or both. The dependence of adsorption rate upon bulk-phase concentration is shown in Fig. 3 . In general, rate constants increased with bulk-phase concentration in an approximately linear manner.
This result is in agreement with other adsorption experiments (12) and with the prediction that the initial rate of adsorption should be proportional to the number of particles per unit time colliding with the surface. less than 10 dynes/cm, and can they do so at both 24 and 37 C? The surface tension-surface area iso therms obtained from the four surface active fractions at 37 C were similar to those obtained at 24 C. All four fractions, at 37 C, lowered the surface tension of a buffered Ringer solution to less than 10 dynes/cm.
In most preparations, they did this with quantities of material which were approximately the amounts calculated for a duplex film of protein and lipid. b) Are amounts of surface active material recovered from a preparation suficient to cover alveolar surface with at least one lipid-protein duplex jlm. 2 From the surface tension-surface area isotherms obtained at 37 C, we found that the nominal surface concentrations at close-packed surface area (the area at which the surface tension is 10-l 2 dynes/cm) for most of the recovered fractions of surface active material were about 1 pg/cm2. The alveolar surface area of a dog is estimated to be about 1,000 cm2/g lung; this means that at least 1 mg/g lung of surface active material is required to cover the alveolar surface with one lipid-protein duplex film. The average recovery of the combined surface active material from all four fractions was 2.5 =t 0.6 (SD) mg/g lung (25) -a quantity which is more than twice the calculated minimum amount. c) Are rates of collapse of jlms of surface active material consistent with rates that are predicted from pressure-volume studies on excised lungs? Collapse studies of duplex films of surface active material, spread on a surface of Ringer solution, were undertaken but not successfully completed. Collapse studies were attempted by two types of experiments: a) compressing the film to an area where the surface tension was 1 O-l 2 dynes/cm, holding the area constant, and observing the rate of change of surface tension; and b) holding the surface tension constant at lo-12 dynes/cm and observing the rate of change of the surface area. In both types of experiments, the measured rates of change of surface tension, or surface area, respectively, were extremely rapid, but these rates may have reflected barrier leakage as well as actual film collapse. Films of surface active material have lowsurface compressibilities at surface tensions of 1 O-l 5 dynes/ cm, and small changes in surface concentration result in large changes in surface tension. Part of the experimental difficulties appeared to be due to the wetting of Teflon at the low-surface tensions under study. Zisman (59) reports that liquids whose surface tensions are less than 18 dynes/cm wet Teflon.
This was not a problem when the surface area was continuously diminished, the experimental condition we used for the surface tension-surface area isotherms, probably because films of surface active material are relatively viscous at surface tensions below 15-20 dynes/cm and the change in area was rapid enough to prevent significant loss of material from the wetting of the Teflon surface. In the collapse studies, however, the surface area was held constant whenever surface tension was less than 10 dynes/ cm, and the loss of material from spreading on the Teflon surface may have been a significant factor. We consider that the results obtained to date are inconclusive and do not indicate whether or not these preparations of surface active material satisfy this criterion.
d) Are compressibilities of surface jZms of surface act&e material, measured at 15 dynes/cm surface tension, less than 0.09 cm/dyne at 37 C? The compressibilities at 15 dynes/cm surface tension of the films of surface active material ranged from 0.05 to 0.065 cm/dyne at 37 C. e> Are adsorption rates of surface active material consistent with those expected from fihysiological experiments? Surface active material, in bulk-phase concentrations of about 30 pg/ml, was adsorbed in 5 min in sufficient amounts to give surface tensions of 50-55 dynes/cm. Adsorption rate increased with bulk-phase concentration in an approximately linear manner. Pulmonary surfactant probably exists in the alveolar subphase in concentrations at least 100 times greater then those used in these experiments, as estimated from the amount of surface active material recovered from the lavage fluid and the width of the subphase shown in the electron micrographic studies of Gil and Weibel ( 18). The diffusion distance for adsorption in the alveolus is very small (from 0 to 1,000 A) and is much less than the thickness of the unstirred layer next to the surface in our apparatus, determined to be about 1 p from control experiments using sodium oleate. We calculate from the data on subphase concentrations alone that our surface active fractions could adsorb to the alveolar surface in less than 3 set, and the data on diffusion distances suggest that this adsorption could occur even faster. Both calculations show that the adsorption velocities of the surface active particles are consistent with those expected from physiological experiments.
f> Are fractions of surface active material enriched in dz'palmitoyl phosphatidylcholine, as compared with whole-lung material? The amount of DPC in the fractions of surface active material, expressed as the percent of the total lipid, was about 46%. The amount of DPC in whole lung, expressed in the same manner, is 18 % ( 11). A portion of this DPC of whole lung is the DPC in pulmonary surfactant.
If the amount of DPC in pulmonary surfactant (estimated from the recovery of the four fractions of surface active material) is subtracted from the amount of DPC in whole lung, then the calculated percent of DPC in the total lipid of lung components other than pulmonary surfactant is 13 %. Since the amount of pulmonary surfactant in dog lung may be 3 times greater than that estimated from the recoveries of surface active material, the percent of DPC in the total lipid of these lung components may be as low as 8 %. Therefore, the lipids of the isolated fractions of surface active material are 4-6 times richer in DPC than are the lipids obtained from other lung components.
From the above discussion, it appears that the four fractions of surface active material have at least five of the six physical and chemical properties of pulmonary surfactant predicted from independent studies. There is some variation among the fractions in their neutral lipid compositions, but these differences represent only small components of the total lipid. All fractions contain large amounts of phospholipid, and most of this phospholipid is phosphatidylcholine. None of the phospholipid has any esterified fatty acid with more than one ethylenic linkage, and over 55 % of the phospholipid is anenoic phosphatidylcholine.
The lipid compositions of these fractions are similar to those found in other studies (see Table 7 ). The large amount of anenoic phosphatidylcholine is consistent with the putative function of this material at the alveolar surface. The functions of the monoenoic phospholipid and neutral lipid are not certain, but they do lower the temperature of an endothermic phase change ("melting") in lipid mixtures containing dipalmitoyl phosphatidylcholine (8, 28) so that it occurs mainly below 37 C. This change may be essential to the velocity of adsorption rates that are required in the alveolar lining (42).
Pattle ( Publication 1958 Publication 1960 Publication 1961 Publication 1964 Publication 1966 Publication 1967 Publication 1967 Publication 1968 Publication 1968 Publication 1969 Publication 1969 Publication 1970 Publication 1970 Publication 1970 Methods DC = differential centrifugation and DG = density gradient centrifugation. this appears to be true at least to the extent that these workers, as well as most others, isolate a product from lavage fluid which is rich in anenoic phosphatidylcholine.
We have already discussed the differences in protein composition and have suggested that this is a To obtain these three fractions of surface active material from the homogenate, however, it was necessary to use an extensive procedure involving several steps of differential centrifugation and two density gradients.
Frosolono and co-workers ( 15) have recently published a much shorter procedure for obtaining surface active material from lung homogenates, but this procedure yielded only one surface active fraction which was obtained in low yield (0.9 mg/g) and which had wide density limits ( 1.060-l. 100 g/ml), variable lipid-to-protein ratio (standard deviation greater than 21% of the mean), and low specific surface activity (5-6 pg/cm2 at 12 dynes/cm).
Apparently, the convenience of their method is only gained at the expense of purity, reproducibility, and yield of the isolated product.
Although the development of a short method for the isolation of surface active material from lung homogenate is a desirable objective, it appears that additional work is required to achieve this goal. Table 7 lists the many methods that have been reported to isolate pulmonary surfactant. One would like to know which of the products of these methods duplicate the chemical composition and physical properties of surface active material in situ, but to determine the chemical composition On the other hand, the physical properties of the alveolar lining can be calculated from pressure-volume studies of the lungs, and from these the physical properties of surface active material in situ can be deduced for comparison with in vitro observations. We have listed in Table 8 the results of some pertinent kinds of surface studies mentioned in recent papers. We have found that a meaningful comparison of products is diflicult, since so much of the necessary data have not been reported, and no individual paper has included all of the relevant tests. So far as we know, only Steim and co-workers (50) and we have tested the surface properties of the isolated materials at 37 C. We consider at present that such tests are the best way of evaluating the physiological relevance of the in vitro preparations and that until better tests are evolved these should constitute criteria for acceptance of a substance as a pulmonary surfactant. Further investigation of these properties of the surface active materials may also help to clarify some of the existing questions about their chemical composition, for example, the association of protein with them.
In perspective, we feel that we have substantially refined the preparation of pulmonary surfactants; witness the isolation from the dog lung of four distinct, reproducible, highly active products. It seems to us, however, despite our work and the work of many other investigators, that the isolation of products having surface activity expected from theory and also having exact molecular definition still remains to be achieved.
